Using a pump-dump-probe technique and Fourier-transform spectroscopy, we study the internuclear separation R dependence and relative strength of the ionization rates of the π and σ electrons of I2, whose valence orbitals are σ . We find that ionization of the HOMO-2 (σg) has a strong dependence on R while the HOMO and HOMO-1 do not. Surprisingly, the ionization rate of the HOMO-2 exceeds the combined ionization rate of the less bound orbitals and this branching ratio increases with R. Since our technique produces target molecules that are highly aligned with the laser polarization, the σ orbitals will be preferentially ionized and undergo enhanced ionization at larger R compared to the π orbitals. Nevertheless, it is highly unusual that an inner orbital provides the dominant strong field ionization pathway in a small molecule. Exposing molecules to strong laser fields produces a variety of effects, which has led to considerable work in many areas, such as high harmonic generation [1] [2] [3] [4] , nonsequential double ionization [5, 6] , and coherent control [7, 8] . In virtually all of these phenomena, single-electron ionization of the neutral ground state molecule is the critical first step. However, single-electron ionization is still not well-understood, given the many degrees of freedom in a molecule (rotational, vibrational, and electronic).
In particular, the ionization rate as a function of internuclear separation R, Γ(R), has become a topic of much research, leading to the phenomena of Enhanced Ionization (EI) [9] [10] [11] [12] [13] [14] in which Γ(R) peaks at a certain critical separation R c , and Lochfrass [15] [16] [17] [18] in which a vibrational wavepacket (VWP) in the ground electronic state (GES) of neutral molecules is formed due to a large slope of Γ(R) at the equilibrium separation R e . However, the VWP generated through Lochfrass only vibrates within a very small range of R around R e , prohibiting extended measurements of Γ(R). For I 2 , there is even disagreement between the experimental results and the theoretical predictions on whether the slope of Γ(R) is positive or negative at R e . The experiment implies dΓ/dR > 0 at R e [17] , while the dependence of ionization potential on R implies just the opposite [19] [20] [21] . To fully understand Γ(R) of the GES, a VWP vibrating over a large range of R is needed.
While most experiments consider ionization from the highest occupied molecular orbital (HOMO), it has been known for some time that inner-orbital ionization occurs in strong laser fields [22] . Recently, ionization from inner orbitals is attracting more attention [3, 23, 24] . However, for small light-atom molecules, like N 2 , O 2 , CO 2 and HCl, the ionization branching ratio of inner orbitals is usually rather small, given the large differences in ionization potentials, compared with the HOMO. To better understand the role of inner-orbital ionization in strong fields, these studies must be extended to both large lightatom molecules, like uracil [25] , and small heavy-atom molecules, like I 2 .
To study the ionization of a ground state neutral molecules, we use a pump-dump-probe scheme to create a coherent VWP in the GES of I 2 , whose valence orbitals are σ . The VWP vibrates between 4.4 a.u. and 6.2 a.u., over which Γ(R) is measured. The single ionization from different orbitals is determined from analyzing the final states and Fourier-transform spectroscopy. We will show that Γ(R) actually increases with R, consistent with the experimental results of Lochfrass. However, the increased ionization comes from the HOMO-2 (σ g ), but not from the HOMO (π g ) or HOMO-1 (π u ). In fact, the ionization rate of the HOMO-2 exceeds that of the combined rate of the less bound orbitals and this branching ratio increases with R. To our knowledge, this has never been seen in small light-atom molecules.
The pump-dump-probe scheme is shown in Fig.1 . The VWP is first launched to the B state of I 2 by a weak 525 nm pump pulse through a one-photon resonant transition, brought back to the GES by a weak 800 nm dump pulse through resonant deexcitation, and finally singly ionized by a delay-controllable 800 nm probe pulse. All pulses are linearly polarized along the time-of-flight (TOF) axis, except where noted. Since the X-B transition is a parallel transition [26] , the molecules excited to the B state will be aligned with the pump laser polarization with a cos 2 (θ) distribution [14] , and the ones deexcited back to the X state will have a higher degree of alignment, cos 4 (θ).
The experiments are performed with one of two ultrafast Ti:sapphire laser systems (a home-built or a SpectraPhysics) and a TOPAS (Optical Parametric Amplifier) system. The ionization signals of I + 2 , I
+ and I 2+ are recorded with a TOF spectrometer. Room-temperature (295 K) I 2 gas is leaked effusively into the chamber with a base pressure of 2 × 10 −9 torr. The Ti:sapphire laser produces linearly polarized pulses (800 nm, 37 fs (homebuilt) or 50 fs (Spectra-Physics), 1 KHz, up to 800 µJ) and the output beam is split with ∼ 80% of the energy sent into the TOPAS to generate a pump beam (525 nm, 50 fs, up to 2 µJ) while the rest is sent to another beam- splitter to generate the dump and probe beams. An aperture is used in either of the first two beams in order to decrease ionization by the pump and dump pulses, while creating a more uniform focal volume for the probe pulse. The pump-dump delay τ p−d , and the dump-probe delay τ d−pr are adjusted by two computer controlled translational stages. From the separation of the peaks in the TOF spectrum, one can determine the momentum and kinetic energy release (KER) of a pair of dissociating fragments. More details can be found in Refs [14, 27] .
To find the best τ p−d , we fix the delay between the pump and probe pulses at 0.3 ps and scan the dump pulse. The depletion of the B state can be found by looking at the variation of the I 2+ signal in the (2,1) channel (the (m,n) channel refers to the dissociating channel I (m+n)+ 2 −→ I m+ + I n+ ) which results from ionizing the B state, as seen in Fig.2(a) . The maximum depletion is around 75% and occurs at τ p−d = 0.045 ps, as shown in Fig.2(b) , consistent with simulations.
We fix τ p−d for maximum depletion and scan τ d−pr to obtain the ionization signals of I 2+ as a function of R to characterize the X-state VWP. In Fig.3(a) , we see the expected VWP motion in the (2,0) channel [27] . We further analyze the data by taking a Fourier transform of the delay variable τ d−pr . The FFT of the signal in the (2,0) channel in Fig.3(b) gives not only the frequency of the vibration, but also the KER of the VWP in the X state projected onto the (2,0) state. There are two frequencies, 6.3 THz at large KER associated with an R near R e which is created through Lochfrass or bondsoftening from the dump pulse (see below) [17] , and 5 THz at lower KER associated with large R which corresponds to the returning VWP. The variation of the KER . Surprisingly, the FFT shows no 5 THz modulation, but only a 6.3 THz modulation in the I + 2 signal, as seen in Fig.4(a) . However, there is a strong 5 THz component in the (1,0) channel (Fig.4(a) ) which shows that the VWP is actually ionized to this dissociating channel. The ionization rate of the (1,0) channel is out of phase with the momentum of the VWP in the (2,0) channel (Fig.4(b) ), showing that Γ(R) of the X state increases with R, in good agreement with our previous study of Lochfrass [17] . Moreover, from Fig.3(a) , we only see the VWP vibrating within the normal range of the (2,0) channel, showing that Γ(R) at R < R e is vanishingly small. If not, we would see an abnormally high KER in the (2,0) channel associated with ionization at R < R e .
In order to check that these results are from the ex- cited X-state VWP and not residual population in the B-state, we ran the experiment with the pump and probe pulses polarized as before, but a perpendicularly polarized dump pulse. Because the B state is aligned horizontally with the pump pulse, the vertical dump pulse will not deplete it. As seen in Fig.4(a , respectively. These five states are clearly seen in XUV photoelectron spectroscopy [28] . The X and A states are bound and both contribute to the I + 2 signal, while the B state dissociates, leading to the (1,0) channel [19, 28] . Thus, ionization of the HOMO-2 will produce a (1,0) signal, although we must consider the other source of (1,0): resonant population transfer in the molecular ion.
As the molecule vibrates, electronic states will go in and out of resonance. At a resonance, population can be transfered from the bound X and A states to the dissociating B state and visa versa. Thus, the (1,0) channel could arise from a two-step process involving ionization of the HOMO or HOMO-1 and subsequent resonant excitation. Moreover, this process would be modulated at 5 THz. However, population transfer would simulta- neously increase one signal while decreasing another, so both would be modulated at 5 THz with the same amplitude and opposite phase. As a 5 THz modulation is not seen in the I + 2 signal, resonant population transfer in the molecular ion can be ruled out. Hence, the (1,0) channel must be associated with the B state of I + 2 through single ionization of the HOMO-2 σ g orbital.
Based on this assignment, we can write the single ionization rate of the GES of I 2 as Γ X (R) = Γ XX (R) + Γ XA (R)+Γ XB (R), where Γ XX (R), Γ XA (R) and Γ XB (R) are the ionization rates of the HOMO π g electron, HOMO-1 π u electron and HOMO-2 σ g electron, respectively. The first two combined give the rate to I + 2 , and the last one gives the rate to the (1,0) channel and since we find the 5 THz modulation in the (1,0) channel and not the I + 2 , ionization of the HOMO and HOMO-1 does not have a strong dependence on R, while the ionization of the HOMO-2 does. We have previously seen that the ionization of the B state of I 2 also has a strong dependence on R [14] . We attributed this strong dependence to EI as the outer orbital in the B state is a σ u and EI is expected for σ orbitals [12] . Similarly, the HOMO-2 is a σ g and should also experience EI, giving rise to a strong modulation in our experiment. It is also predicted that π orbitals will not have EI [12] and, as a result, their ionization rate does not have nearly as strong a dependence on R -explaining the lack of modulation of our I + 2 signal. Moreover, our pump-dump-probe technique produces target molecules well aligned along the TOF axis providing the best comparison of EI in σ and π orbitals.
One final observation corroborates our conclusion that the observed R dependence of the ionization rate of the valence orbitals of I 2 is due to their σ or π character. In light molecules, such as N 2 , O 2 , or CO 2 , the contribution of the inner-orbitals is small compared to the HOMO as a result of their larger binding energies. However, in I 2 , we find that the single pulse branching ratio at R e is 65% for ionization of the HOMO-2, as shown in the inset of Fig.5 , indicating that the orbital geometry is more important in determining the ionization rate than the relative ionization potential of the orbitals. In a related experiment [14] , we determined this branching ratio as a function of R by launching a VWP on the B state of I 2 . We find that the branching ratio of the (1,0) channel increases with R, reaches a peak at around 6.85 a.u. and then drops again, as shown in ) as the initial state, the ionization from the X state VWP will likely have the same property. Indeed, the branching ratio should be higher, because ionization to the bound I + 2 state from the B state is easier than from the X state, with the former requiring the removal of one electron from the LUMO and the latter requiring ionization from the HOMO. For instance, the branching ratio of the (1,0) signal ionizing from the X state (65.2%) is higher than that from the B state (52.7%) at the same R of 5.03 a.u.. The increasing branching ratio as a function of R is consistent with the strong dependence of the ionization rate for σ orbitals and the weak dependence for π orbitals.
In conclusion, we generate a coherent VWP in the GES of neutral I 2 and the target molecules are highly aligned with the laser polarization. This is a new way to study the behavior of the GES of molecules in strong laser fields. The R dependence and relative strength of the ionization rates of different orbitals of I 2 have been discussed. The ionization rate of the HOMO (π g ) and HOMO-1 (π u ) initially increases with R but level off, however, the ionization rate of the HOMO-2 (σ g ) keeps increasing with R, presumably until R c where EI is reached. Finally, the HOMO-2 provides the dominant ionization pathway, which is highly unusual for strong field ionization.
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